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The epitaxial atomistic interfaces of two insulating oxides, LaAlO3 (LAO)/SrTiO3 (STO),
have attracted great interest owing to rich emergent phenomena 1–3 such as interface metallic-
ity 3, 4, thickness dependent insulator-metal transition 5, superconductivity 6, ferromagnetism
7
, and even their coexistence 8–10. However, the physics origin of ferromagnetic ordering in
the n-type LAO/STO interface is in debate. Here we propose that the polar distortion of
La atom can ignite the ferromagnetism at the interface even without oxygen vacancy. The
induced hybridization between La dz2 and O px,y states can mediate double-exchange like
interaction between Ti dxy electrons. We further suggest that the structural and electrical
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modification of the outermost surface of LAO or switching the polarization direction of fer-
roelectric overlayers on LAO/STO can promote such La displacement.
Since the first report of the unexpected conductivity in the interface of two hetero oxide
insulators, LaAlO3/SrTiO3 (LAO/STO), quite numerous studies have been concentrated on the
microscopic origin of the observed metallicity. While the electronic reconstruction to avoid polar
catastrophe provides the intrinsic source of the two-dimensional electrons 11, the extrinsic mech-
anisms, such as oxygen vacancies 12, 13, the defects in LAO surface 14–16 and cationic disorder17, 18
prevails the actually observed conductivity. Recently, a possible adjustment of the conductivity
through the treatment of the outer surface of the LAO is now gathering a renewed interest.14–16, 19, 20
It was shown that adsorptions of charged species or polarization switching of ferroelectric overlay-
ers can adjust the overall polarization direction of the whole LAO layer, which can tune on or off
the conductivity at the LAO/STO interface.
Meanwhile magnetism in the LAO/STO has become an issue of great significance7. An
earlier theoretical work proposed magnetism with charge ordering, an checkerboard type anti-
ferromagnetism (AFM) 21. While observation of such checkerboard-type AFM is still missing,
ferromagnetism in the n-type LAO/STO interface has been observed – evidenced by hysteresis
in magnetoresistance7. With this intriguing interface ferromagnetism, there are still on-going de-
bates on the physics origin. It has been widely believed that the formation of oxygen vacancies
in the interface is indispensable for magnetic instability22–24. On the other hand, other alterna-
tive mechanisms have been proposed theoretically, whose underlying physics is radically different
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from vacancy related ones: quasi-one-dimensional band can drive magnetic instability without any
coupling between local moments and conduction electrons25; ferromagnetic ordering of localized
charge via exchange interaction with the conduction electrons26. Recently, X-ray magnetic circular
dichroism (XMCD) revealed that the interface ferromagnetism is from the exchange splitting of Ti
dxy state that is hybridized with the O 2p orbitals27.
In this article, we propose that ferromagnetism at the n-type LAO/STO interface is possi-
ble without an oxygen vacancy at the interface. A level mixture of O px,y and La dz2 enables Ti
dxy ferromagnetism by polar distortion of La atoms, without which other defects are required for
ferromagnetism. To realize the La displacement, various kinds of defects such as an oxygen va-
cancy and adsorbates at the outer surface AlO2 of the LAO layer are considered. Furthermore,
we demonstrate tunability of La distortion by depositing ferroelectric overlayers on LAO/STO – a
switching on/off of Ti dxy ferromagnetism.
Fig. 1 systematically explains our mechanism: Ti dxy ferromagnetism is mediated by hy-
bridized state of La dz2 and O px,y, which offers additional path for double-exchange like mediation
between localized Ti moments. Relevant orbitals in this mechanism are depicted in Fig. 1a for
Ti dxy, O 2px,y, and La dz2 , where the hybridization between La dz2 and O 2p is realized when La
moves closer toward the interface. In perovskite structure, the crystal field under Oh point group
splits five-fold degenerate Ti d states into two-fold and three-fold degenerate eg and t2g states. In
tetragonal symmetry, when LAO/STO is formed, eg further splits into two singlets (b1 and a1), and
t2g states into one doublet (e = xz,yz) and one singlet (b2 = xy) (Fig. 1b). It is this b2 state, or
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dxy orbital of Ti that involves occupation of low-lying state in the n-type LAO/STO. To understand
ferromagnetism in LAO/STO, energy levels of Ti dxy and O 2p are presented in Fig. 1c, which
corresponds to the case without any defect. Hence, La dz2 is the high lying state. If Ti is ferromag-
netically aligned with dxy occupation, hopping from one Ti site to other via hybridization with O
site is prohibited due to Pauli principle. Moreover, the mediation through La site is not likely due
to small energy gain t2/∆, where t is the hopping, ∆ is the energy of La dz2 relative to Ti dxy. In this
limit, the ferromagnetically aligned state can be only insulating without any defect. Thus, metallic
ferromagnetism is only possible when oxygen vacancy is introduced either by having empty state
at O or some mixed valency of Ti site. However, when La moves towards to the interface, La
dz2 will be nearby O 2p state, so these two states form a linear combination, |O, pxy〉⊗ |La,dz2〉
[Fig. 1d]. Consequently, ferromagnetically aligned Ti dxy state can thus be stabilized by allowing
hopping between Ti sites via O and La sites, hence ferromagnetic metallicity can be realized.
The atomic configurations of 5 unit cell (u.c.) layers of LAO on 4 u.c. STO with either AlO2-
or LaO-termination are shown in Fig. 2a. Hereafter, numbers of LAO and STO layers are denoted
in subscripts, and the boundary layers LaO and TiO2 at the interface are labeled as LaO(I) and
TiO2(I). Notably, La displacement depends on the termination. La atoms move up (down) for the
AlO2- (LaO) termination. The relative displacement of La atom, denoted as dLa, with respect to
the corresponding O plane is schematically presented in Fig. 2b, where positive (negative) value
of dLa represents downward (upward) shift of La atom with respect to the O plane. As shown
in Fig. 2c, the dLa at the boundary LaO(I) layer is substantial for both terminations although its
absolute value decreases monotonically as La goes away from the interface. Similar results were
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reported for the AlO2-terminated case 11.
The layer-resolved density of states (LDOS) of the TiO2(I) layer in (LAO)5/(STO)4 and
(LAO)4.5/(STO)4 are plotted in Fig. 2d. For the AlO2 termination, as with previous study11, the
valence and conduction band consist of O 2p and Ti 3d state, respectively. The top of the valence
bands O 2p in the surface AlO2 layer shifts towards the Fermi level as the n in (LAO)n/(STO)4
increases, and eventually meets the bottom of conduction bands Ti 3d of the TiO2 interface at
n=4. As a result, the charge transfer takes place from the surface AlO2 layer to the TiO2(I), well
manifested by small occupation just below the Fermi level in Fig. 2d with no magnetism. On the
other hand, for the LaO termination, distinctly different features appear: the interface metallicity
near the TiO2(I) layer leads to exchange-splitting in Ti 3d orbital. This interface metallicity is
mainly from Ti dxy state, while other Ti d states of TiO2(I) layer are empty. Directions of La
displacements are clearly different in two terminations, and the positive dLa (La moving towards
the interface) breaks the spin degeneracy of Ti dxy.
The role of La displacement is demonstrated in further calculations as depicted in Fig. 3a,
where La atoms are shifted uniformly while other atoms are fixed in the AlO2-terminated (LAO)5/(STO)4.
The calculated charge and magnetic moment of Ti atom in the TiO2(I) layer are plotted as a func-
tion of dLa in Figs. 3b and c, respectively. Charge of Ti (∆ρTi) is defined as the increment of
the Bader charge with respect to that with dLa=−0.3 A˚. As La atoms shift towards the boundary
TiO2-layer, the occupation of Ti dxy orbital gradually increases. This serves as a control parameter
in ferroelectric polarization: the polarization up (away from the interface, P↑) gives rise to charge
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depletion and switching the polarization direction (towards the interface, P↓) results in charge ac-
cumulation. Importantly, magnetism appears when dLa just passes its equilibrium position (left
vertical line in Fig. 3c), which further increases as La atom moves closer to the interface. For
dLa=0.17 A˚ (the right vertical dashed-line in Fig. 3c), which corresponds to the equilibrium po-
sition of La at the LaO(I) in the LaO-terminated LAO/STO (see Fig. 2c), the Ti moment reaches
about 0.5 µB. We also note that magnetism appears even when dLa = 0 with the value about 0.2
µB. The LaO termination exhibits similar trends: the moment and charge increase as La moves
toward the interface (dLa > 0), whereas they decrease with the upward displacement of La atom,
and eventually vanish when dLa approaches to 0.3 A˚ (not shown).
To unveil the electronic structure more detail, the orbitally projected DOS (PDOS) of Ti
atom at the TiO2(I), La atom at the LaO(I), and O atom at the TiO2(I) are plotted in Fig. 3 d–f,
respectively. For better comparison, those for dLa=−0.3 A˚ (non-magnetic) and dLa=0.3 A˚ (fer-
romagnetic) are also shown, which are consistent with that of fully relaxed geometry (Fig. 2d).
When it is non-magnetic (dLa=−0.3 A˚), conduction bands consist of Ti and La d orbitals while
valence bands of O p states, hence Ti4+ or 3d0.
In the case of ionic displacement of dLa = 0.3 A˚, Jahn-Teller split dxy shift more downward
and is occupied, while other t2g states (dxz,yz) remain unoccupied. As addressed in Fig. 3d-f, bands
of the Ti dxy, La dz2 , and O px,y states overlap in the vicinity of the Fermi level giving hybridization
of these orbitals. This hybridization, as illustrated in Fig. 1, enables double-exchange like media-
tion of Ti dxy ferromagnetism. We also emphasize here the electronic structure is consistent with
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previous experiments: Ti atom at the interface shows a feature of Ti3+ (3d1) state with fractional
occupation of t2g orbital states 28; magnetic moment probed by XMCD is mainly by Ti dxy with
hybridization between Ti and O 2p 27. Moreover, magnetic moment and ∆ρTi of Ti(I) increase as
the cation atom comes closer (dLa > 0).
To achieve La displacement, as illustrated in Fig. 4 a–f, the following surface adsorbates and
defect configurations at the outermost surface of LAO, the surface of AlO2-layer, are taken into
account: a. clean-AlO2, b. O-vacancies, c. H-adsorptions, d. OH-adsorptions, e. Al-adatoms, and
f. La-adatoms. Numerous experiments have already demonstrated that the electronic structure of
the interface can be switchable between insulating and conducting phases by adjusting the outer-
most LAO surface such as capping overlayers or adsorptions, as mentioned previously 19, 20, 29–31.
The La displacements and spin moments at the boundary layers for these six configurations are
summarized in Fig. 4b and 4c, respectively. Except the clean-AlO2 and the OH-adsorption, other
configurations produce substantial change in the charge polarity of the outermost AlO2 layer. One
notes that dLa < 0 for the clean-AlO2 and the OH-adsorption with net zero moment. However, the
oxygen vacancy and the H-adsorption introduce localized holes near the surface layer, which we
denote as (AlO)+ and (AlO2H2)+, respectively. These positive charges of the outermost surface
push La cations downwards electrostatically, which eventually results in Ti dxy ferromagnetism
with localized metallicity near the TiO(I). Similarly, dLa > 0 for the Al- and La-adatom, where
the resulting magnetic of the Ti(I) is as large as 0.60 µB. We recall here that manipulation of
charge state at the outermost surface of LAO has been already realized to control the interface
metallicity16, 29, 32, where magnetism is yet to be explored.
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As some adsorbates on the outermost surface gives non-vanishing magnetic moments, we ex-
plore more with depositing ferroelectric BaTiO3 (BTO) overlayer on top of the LAO layer. Three
u.c. thick BTO layers are placed on top of (LAO)5/(STO)4, as shown in Figs. 5 a and b, where two
polarizations are taken into account, P↑ and P↓, respectively. P↑ (P↓) represents the direction of the
ferroelectric polarization of BTO pointing away from (pointing towards) the interface BTO/LAO.
The atomic coordinates of BTO to be kept fixed in their bulk positions to retain its ferroelectricity,
while other layers are fully relaxed. More specifically, displacements of Ba and Ti atoms relative
to the plane containing O in BTO are 0.36 A˚ and 0.29 A˚, respectively. The ferroelectric polariza-
tion is estimated to be 54.2 µC/cm2 from Berry phase calculations33, 34, which is in the range of
the experimental values for the strained BTO (50–70 µC/cm2) 35. La displacements in different
polarization are in opposite directions, i.e., dLa < 0 for P↑ and dLa > 0 for P↓. This is in accordance
with the recent experiments that the direction of internal electric field of LAO layers is determined
by the polarization direction of ferroelectric top layer 20.
PDOS of the boundary layers LaO and TiO2 for these two opposite polarizations are shown
in Figs. 5c and d, respectively. Clearly, PDOS for two polarizations are different. For P↑, the La
dz2 at the LaO(I) is far above the Fermi level and there is no metallicity nearby the interface, thus
not to mention of magnetism. In contrast, for P↓, when the polarization is pointing downward, La
atoms move downward, and ferromagnetic metallicity is well addressed with moment of 0.25µB.
The empty majority Ti dxy state at the TiO2(I) shifts down towards the Fermi level.
To summarize, we propose a possible mechanism for ferromagnetism in the n-type LAO/STO
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interface without any interfacial defects. As proposed in previous studies, the interface ferromag-
netism can be realized by mixed-valency of Ti d state in the presence of oxygen vacancy. In
our model, even without an oxygen vacancy, additional hopping channel – a bypass through the
hybridized state between La dz2 and O 2p – enables double-exchange like mediation of Ti dxy
ferromagnetism. In this alternative mechanism, the polar distortion of La atom is an essential in-
gredient, whose direction of displacement depends on the charge polarity of the outermost surface
layer of LAO.
Methods
The density-functional theory (DFT) calculations were carried out with the Vienna ab initio simula-
tion package (VASP) 36. For the electron exchange correlations, the PBE-type generalized gradient
approximations (GGA) 37 were used together with the Hubbard-type on-site Coulomb energy on
Ti 3d orbitals (DFT+U) 38. The variations of U do not change qualitatively our conclusion, and
results shown here were calculated with U=5 eV and J=1 eV [20]. As a model geometry, we con-
sidered five u.c. layers of LAO on four u.c. STO with a vacuum region at least 12 A˚ between
the repeated slabs. The various test calculations for different thicknesses of LAO and STO layers,
and symmetric LAO/STO/LAO heterostructures have been also performed to ensure robustness
of present calculations. The dipole corrections were taken into account to eliminate an artificial
electric field across the slab imposed by the periodic boundary condition. The experimental lattice
constant (3.905 A˚) of STO was used for the two-dimensional lattice of the LAO/STO slab. All
ionic positions were fully relaxed. An energy cutoff of 600 eV and a 16×16×1 k-point grid were
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used, whose convergences were ensured. In BTO/LAO/STO, the in-plane lattice constant of STO,
3.905 A˚, is taken, where optimized lattice constant of BTO along the z-direction is 4.491 A˚.
Acknowledgements We thank W. E. Pickett for helpful discussions. This work was supported by Basic
Science Research Program through the NRF funded by the Ministry of Education (NRF-2013R1A1A2007910).
SHR is supported by Priority Research Centers Program (2009-0093818) and the Basic Science Research
Progam (2009-0088216) through the National Research Foundation (NRF) funded by the Korean Ministry
of Education.
Authors contributions DO performed all calculations. NP initiated the work. DS helped computation
details. DO, SHR, and NP wrote the manuscript.
Correspondence Reprints and permissions information is available online at www.nature.com/reprints.
Correspondence and requests for materials
should be addressed to NP (email: noejung@unist.ac.kr) or SHR (email: sonny@ulsan.ac.kr).
Competing Interests The authors declare no competing financial interests.
1. Hwang, H. et al. Emergent phenomena at oxide interfaces. Nat. Mater. 11, 103 (2012).
2. Coey, J. M. D., Adriano & Pickett, W. E. Magnetism at the edge: New phenomena at oxide
interfaces. MRS Bulletin 38, 1040 (2013).
3. Ohtomo, A. & Hwang, H. Y. A high-mobility electron gas at the LaAlO3/SrTiO3 heterointer-
face. Nature 423 (2004).
10
4. Nakagawa, N., Hwang, H. Y. & Muller, D. A. Why some interfaces cannot be sharp? Nat.
Mater. 5, 204 (2006).
5. Huijben, M. et al. Electronically coupled complementary interfaces between perovskite band
insulators. Nat. Mater. 5, 556 (2006).
6. Reyren, N. et al. Superconducting Interfaces Between Insulating Oxides. Science 317, 1196–
1199 (2007).
7. Brinkman, A. et al. Magnetic effects at the interface between non-magnetic oxides. Nat.
Mater. 6, 493 (2007).
8. Bert, J. A. et al. Direct imaging of the coexistence of ferromagentism and superconductivity
at the LaAlO3/SrTiO3. Nat. Phys. 7, 767 (2011).
9. Li, L., Richter, C., Mannhart, J. & Ashoori, R. C. Coexsistence of magnetic order and two-
dimensional superconductivity at LaAlO3/SrTiO3 interfaces. Nat. Phys. 7, 762 (2011).
10. Dikin, D. A. et al. Coexistence of superconductivity and ferromagnetism in two dimensions.
Phys. Rev. Lett. 107, 56802 (2011).
11. Pentcheva, R. & Pickett, W. E. Phys. Rev. Lett. 102, 107602 (2009).
12. Siemons, W. et al. Phys. Rev. Lett. 98, 196802 (2007).
13. Herranz, G. et al. Phys. Rev. Lett. 98, 216803 (2007).
14. Slooten, E. et al. Hard x-ray photoemission and density functional theory study of the internal
electric field in SrTiO3/LaAlO3 oxide heterostructures. Phys. Rev. B 87, 085128 (2013).
11
15. Li, Y., Phattalung, S. N., Limpijumnong, S., Kim, J. & Yu, J. Formation of oxygen vacancies
and charge carriers induced in the n-type interface of a LaAlO3 overlayer on SrTiO3(001).
Phys. Rev. B 84, 245307 (2011).
16. Bark, C. W. et al. Switchable induced polarization in LaAlO3/SrTiO3 heterostructures. Nano
Lett. 12, 1765–1771 (2012).
17. Willmott, P. R. et al. Phys. Rev. Lett. 99, 155502 (2007).
18. Kalabukhov, A. S. et al. Phys. Rev. Lett. 103, 146101 (2009).
19. Mix, C., Finizio, S., Kla¨ul, M. & Jakob, G. Conductance control at the LaAlO3/SrTiO3-
interface by a multiferroic BiFeO3 ad-layer. Appl. Phys. Lett. 104, 262903 (2014).
20. Tra, V. T. et al. Ferroelectric control of the conduction at the LaAlO3/SrTiO3 heterointerface.
Adv. Mater. 25, 3357–3364 (2013).
21. Pentcheva, R. & Pickett, W. E. Charge localization or itineracy at LaAlO3/SrTiO3 interfaces:
Hole polarons, oxygen vacancies, and mobile electrons. Phys. Rev. B 74, 035112 (2006).
22. Pavlenko, N., Kopp, T., Tsymbal, E. Y., Mannhart, J. & Sawatzky, G. A. Phys. Rev. B 86,
064431 (2012).
23. Pavlenko, N., Kopp, T., Tsymbal, E. Y., Sawatzky, G. A. & Mannhart, J. Magnetic and
superconducting phases at the LaAlO3/SrTiO3 interface: The role of interfacial ti 3d electrons.
Phys. Rev. B 85, 020407(R) (2012).
12
24. Lechermann, F., Boehnke, L., Grieger, D. & Piefke, C. Electron correlation and magnetism at
the LaAlO3/SrTiO3 interface: A DFT+DMFT investigation. Phys. Rev. B 90, 085125 (2014).
25. Chen, G. & Balents, L. Phys. Rev. Lett. 110, 206401 (2013).
26. Michaeli, K., Potter, A. C. & Lee, P. A. Superconducting and ferromagnetic phases in
LaAlO3/SrTiO3 oxide interface structures:possibility of finite momentum pairing. Phys. Rev.
Lett. 108, 117003 (2012).
27. Lee, J.-S. et al. Nat. Mater. 12, 703 (2013).
28. Cen, C. et al. Nat. Mater. 7, 298 (2008).
29. Bi, F. et al. Appl. Phys. Lett. 97, 173110 (2010).
30. Y. Xie, C. B., Y. Hikita & Hwang, H. Y. Nat. Comm. 2, 494 (2011).
31. Kim, S. I. et al. Adv. Mater. 25, 4612 (2013).
32. Xie, Y., Bell, C., Hikita, Y. & Hwang, H. Y. Adv. Mater. 23, 1744 (2011).
33. Resta, R., Posternak, M. & Baldereschi, A. Towards a quantum theory of polarization in
ferroelectrics: The case of KNbO3. Phys. Rev. Lett. 70, 1010–1013 (1993).
34. King-Smith, R. D. & Vanderbilt, D. Theory of polarization of crystalline solids. Phys. Rev. B
47, 1651–1654 (1993).
35. Choi, K. J. et al. Science 306, 1005 (2004).
36. Kresse, G. & Hafner, J. Phys. Rev. B 47, 558 (1993).
13
37. Perdew, J., Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple.
Phys. Rev. Lett. 77, 3865 (1996).
38. Liechtenstein, A. I., Anisimov, V. I. & Zaanen, J. Phys. Rev. B 52, R5467 (1995).
14
Figure 1 Schematic diagram of double-exchange like mechanism of ferromagentism via
La displacement. a. Schematics for the coupling of Ti dxy, La dz2 , and O 2px,y orbitals.
b. Energy levels of d orbital states in the presence of crystal field. In Oh group, d orbital
splits into two- and three-fold degenerate eg and t2g states, which are decomposed further
under tetragonal symmetry: eg into b1 = (3r2 − z2) and a1 = (x2 − y2), and t2g into e =
(xz,yz) and b2 = (xy), respectively. c. The electronic energy level near the low-lying Ti dxy
state at the LAO/STO interface without La distortion, and the schematics for the forbidden
electron itinerancy. d. Adjusted energy level at the interface, on the La displacement, and
schematics for the double-exchange between Ti 3dxy electrons.
Figure 2 The effects of surface termination on La displacement and interface electronic
structure. a. Optimized atomic structures for AlO2 (left)- and LaO (right)-terminated
(LAO)5/(STO)4, where bottom two unit cell layers of STO are not shown for simplicity.
Small (red) balls at the vertices of octahedron are oxygen atoms, black and blue spheres
are La and Sr atoms, respectively. Ti atoms are hidden by octahedrons. Atomic planes
with cations are denoted explicitly with their nominal charge. The LaO and TiO2 layers at
the boundary are labeled by LaO(I) and TiO2(I), respectively, where I stands for interface
and S for surface. b. Schematic representation of La displacements from the correspond-
ing O plane in the LAO. Upward (downward) movement toward the surface (interface) is
indicated by the negative (positive) displacement of La ions (dLa). The amplitude of dLa
is multiplied by a factor of two in a for better visualization. c. The La displacements, dLa,
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of each LaO layer of (LAO)5/(STO)4 for the AlO2 (black symbol)- and LaO (red symbol)-
termination. d. LDOS of the TiO2(I) layer for the AlO2 (yellow shaded)- and the LaO (red
solid line)-terminated (LAO)5/(STO)4. The Fermi level is set to zero for all cases.
Figure 3 Role of La displacement on the interface ferromagnetism. a. Optimized atomic
structure of AlO2-terminated (LAO)5/(STO)4. b. Charge (△ρTi) and c. magnetic moment
of the Ti atom at the TiO2(I) layer of (LAO)5/(STO)4 versus the uniform displacement of
La ion (dLa) shown schematically in a. The left and right vertical line denote dLa of La
displacement corresponding to fully relaxed geometry of (LAO)5/(STO)4 for the AlO2- and
LaO-terminated, respectively. In c. ∆ρTi when dLa= −0.3 A˚ is taken as reference. PDOS
for d. the Ti dxy at the TiO2(I), e. La dz2 at the LaO(I), and f. O px,y orbitals in the TiO2(I)
with dLa=−0.3 A˚ (shaded (yellow) area) and dLa=0.3 A˚ (solid line). Dashes squares near
the Fermi level serve to emphasize orbital hybridization. The Fermi level is set to zero.
Figure 4 La displacement and interface ferromagnetism by the structural and electro-
static surface modifications. a. Six different surface morphologies. Atoms are represented
by the same symbols as in Fig. 2, and the small blue balls are hydrogen atoms. b. The
La displacement, dLa, at the LaO(I) and c. magnetic moment of Ti atom at the TiO2(I) for
six surface configurations.
Figure 5 Tunable interface ferromagnetism by polarization of ferroelectric BaTiO3 over-
layer on LAO/STO. Schematic view and the optimized atomic structures of (BTO)3/(LAO)3/(STO)2
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for a. Upward-polarization (P↑), and b. downward-polarization (P↓) of the ferroelectric po-
larizations of BTO. Green sphere represent Ba atoms, while other symbols are the same
as in Fig. 2. LDOS of the boundary layers: c. LaO(I) and d. TiO2(I) for the P↑ (yellow
shade) and P↓ (red solid line). The Fermi level is set to zero.
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